. A similar type of muscular obstruction was later recognized in the left ventricle by Brock (1957) . Dynamic obstruction to left ventricular outflow due to an unknown disorder of cardiac muscle has been reported by many authors and variously called obstructive cardiomyopathy (Goodwin et al., 1960) , muscular subaortic stenosis (Brent et al., 1960) , or idiopathic hypertrophic subaortic stenosis (Braunwald et al., 1960) . Pressure gradients between the right ventricle and the pulmonary artery have been noted in association with left ventricular obstructive cardiomyopathy (Braunwald et al., 1964; Cohen et al., 1964) and in idiopathic combined ventricular hypertrophy without demonstrable left ventricular outflow obstruction (Taylor, Bernstein, and Jose, 1964; Braunwald et al., 1964) .
We occasionally found systolic pressure gradients between the right ventricle and pulmonary artery in patients with aortic valve disease, and this observation suggested that it would be worth while to investigate the nature and site of this obstruction. The purpose of this paper is to show that severe left ventricular disease may produce secondary effects Received July 26, 1966. 49C on right ventricular function, and that systolic pressure gradients, which are dynamic in behaviour, may develop within the right ventricular cavity.
PATIENTS AND METHODS
Studies were made on 16 patients with aortic valve disease, and they are subdivided as follows. Severe aortic stenosis: 10 patients; severe aortic stenosis with moderate aortic incompetence: 2 patients; severe aortic incompetence with moderate aortic stenosis: 1 patient; severe aortic incompetence: 3 patients.
Special studies were made at the time of routine diagnostic investigation.
Right heart catheterization was performed via the right saphenous vein and the catheter placed in the main pulmonary artery. A second N.I.H. type of catheter was then inserted and carefully positioned at the apex of the right ventricle. Left ventricular catheterization was performed by transseptal puncture of the atrial septum and a second catheter was inserted percutaneously into the femoral artery and positioned above the aortic valve.
In 13 patients simultaneous pressures were recorded from the right ventricle and pulmonary artery in partial expiration, using equisensitive induction manometers and a multichannel oscilloscopic recorder (Cambridge Instrument Company). The zero baselines were set at 5 cm. below the sternal angle. In 12 patients tracings were also recorded continuously from the apex of the right ventricle as the second catheter in the pulmonary artery was withdrawn successively into the right ventricle and the right atrium (Fig. 1) . In 3 patients only one catheter was inserted, and tracings were recorded in rapid succession from the pulmonary artery and right ventricle.
The effects of slow deep respiration were studied in 9 patients and of quiet respiration in 2 patients during simultaneous recording of right ventricular and pulmonary artery pressures.
The responses to the Valsalva manoeuvre were recorded during a straining period of 10 to 15 seconds, FIG, . Pressure is continuously recorded from the apex of the right ventricle while another catheter is withdrawn from the pulmonary artery into the main body of the right ventricle. There is a peak systolic gradient of 20 mm. Hg. The angiogram from this patient is shown in Fig. 8 The influence of post-ectopic beats on the gradient between the right ventricle and pulmonary artery and on the pulmonary arterial pulse pressure was observed in 12 patients.
The effect of isoprenaline infusion on the gradient between the right ventricle and pulmonary artery was measured in 2 patients. Cardiac outputs were measured by the Fick principle in the basal state and again during the isoprenaline infusion when its effects had stabilized. The effective right ventricular outflow orifice areas were calculated by the method of Gorlin and Gorlin (1951) .
The effects of amyl nitrite inhalation on the gradient between the right ventricle and pulmonary artery were studied in 2 patients.
Biplane right ventricular angiocardiograms were obtained in 6 patients, using Elema-Sch6nander equipment with four exposures per second in each plane.
In addition studies were made on 3 other patients: one with coarctation of the aorta; one with coronary disease and left ventricular failure; and one with severe essential hypertension. Simultaneous pressures were recorded from the right ventricle and pulmonary artery during the Valsalva manceuvre and deep respiration. The effects of amyl nitrite inhalation were also studied in the patient with essential hypertension.
RESULTS
Hemodynamics in Basal State. The basal hoemodynamic data are set out in Table I The ascending limb of the pressure pulse recorded at the apex of the right ventricle was often interrupted by a notch followed by slower rate of rise in pressure ( Fig. 2 and 3) . The pressure at the time of the notch was greater than the peak systolic pulmonary artery pressure. The systolic wave form in the pulmonary artery sometimes showed an early systolic peak followed by a mid-systolic dip and a smaller late secondary systolic wave (Fig. 2) . A few patients failed to show this abnormality despite the presence of a significant systolic pressure gradient.
The peak systolic gradient between the left ventricle and aorta in the 12 patients with aortic stenosis ranged from 45 to 145 mm. Hg (average 100 mm. Hg). In 8 patients the left ventricular end-diastolic pressure was more than 12 mm. Hg. There were slight changes in the pulmonary arterial pulse wave in that the anacrotic notch disappeared on expiration (with maximal gradient) and the wave form tended to become bifid with an 3 early systolic peak and a smaller late secondary systolic wave ( Fig. 2 and 7) .
The right ventricular pressure pulse also showed respiratory changes. During expiration (with maximal gradient) the ascending limb was interrupted by a prominent notch which became much smaller or disappeared on inspiration (with minimal gradient). The rate of rise in pressure was slowed following the notch with a late systolic peak pressure which was most marked in expiration.
Valsalva Manceuvre. The effects of the Valsalva manoeuvre are given in Table II and examples are shown in Fig. 3 and 4.
Right-sided studies were made on 10 patients. which was proportionally greater in the pulmonary artery. The pressure tracings from the pulmonary artery tended to alter in contour during the strain. An early systolic peak appeared, or if present it became more prominent, and was followed by a midsystolic dip which was in turn followed by a late smaller secondary systolic peak (Fig. 4) .
Left-sided studies were made in 8 of the above 10 patients and also in one additional patient. All of the 9 studied showed a fall in the systolic gradient between the left ventricle and the aorta during the straining period (Fig. 5) Post-ectopic Phenomenon. Studies were made in 12 patients on the effects of an ectopic beat on the succeeding right ventricular and pulmonary artery pressure pulses, as described by Brockenbrough, Braunwald, and Morrow (1961) on the left side in cardiomyopathy. Normally the arterial pulse pressure of the post-ectopic beat is increased. When the phenomenon is positive the response is paradoxical and the post-ectopic arterial pulse pressure is diminished. In all 12 patients the response was negative in that the post-ectopic beat showed an increase in both the pulse pressure and the systolic pressure in the pulmonary artery as well as a rise in right ventricular pressure and in the systolic gradient (Fig. 2) .
Isoprenaline Infusion. The effects of isoprenaline infusion on right-sided hemodynamics were studied in two patients (J.W. and W.B.) and the results are given in Table III In general the right ventricle was of small size, and there was bulging of the ventricular septum into the cavity with displacement and rotation to the right. In four patients there was excessive trabeculation, particularly of the septal wall, and during systole the apex was almost completely obliterated so that the catheter tip appeared to be outside the opacified area of ventricular cavity at end-systole. The septal and parietal bands of the crista supraventricularis were hypertrophied in the six patients studied, and the infundibular area showed excessive systolic narrowing in three patients, as assessed by the index of Little, Lavender, and DeSanctis (1963) (Fig. 8) .
The pulmonary valve was normal in all six patients. These angiograms closely resembled right ventricular angiograms in patients with obstructive cardiomyopathy.
DISCUSSION
There is some difference of opinion as to the nature of the gradients between the right ventricle and pulmonary artery in patients with obstructive cardiomyopathy. Mason, Braunwald, and Lockhart et al. (1966) group.bmj.com on April 19, 2017 -Published by http://heart.bmj.com/ Downloaded from myopathy, and that disordered right ventricular contraction produces outflow obstruction. Goodwin et al. (1964) , Oakley (1964) , and Wigle (1964) believe that the gradient is secondary to the left ventricular disorder, due to bulging of the grossly hypertrophied septum into the right ventricular cavity, rather than a primary affection of the right ventricle by the cardiomyopathy.
Various physiological manoeuvres such as the Valsalva manoeuvre (Braunwald et al., 1964; Marcus and Jones, 1965) and deep respiration (Shah et al., 1965) (Fig. 3 and 4) , thus demonstrating the dynamic nature of the gradient. Shah et al. (1965) reported the effects of respiration on the systolic gradient between the left ventricle and the aorta in obstructive cardiomyopathy.
The gradient increased during expiration and fell during inspiration. They attributed these effects to changes in stroke volume, with a fall during expiration and hence maximal systolic emptying of the ventricle and increased obstruction to outflow. We have observed the opposite effect in fixed orifice aortic valve stenosis, in that the gradient increased during inspiration and decreased during expiration. The 11 patients studied in this report all had a cardiomyopathic type of response to respiration on the right side of the heart, in that inspiration diminished the gradient and expiration increased it (Fig. 2 and 3) .
In normal people and in patients with valvar or discrete subvalvar aortic stenosis, the cardiac cycle following a premature contraction shows a more forceful ventricular contraction than a normal one and an arterial pulse pressure greater than the control. The left ventricular contraction in patients with obstructive cardiomyopathy shows a normal post-extrasystolic augmentation; however, the aortic pulse pressure fails to increase. It is thought that the increased force of myocardial contraction intensifies the outflow obstruction (Brockenbrough et al., 1961) . Studies of right-sided obstructive cardiomyopathy have shown a normal rise in the pulmonary artery pulse pressure following the postectopic pause (Oakley, 1964; Lockhart et al., 1966) , and this has also been our experience in patients with cardiomyopathy.
In all 12 patients studied in this series the postectopic phenomenon was negative. That is, after the post-ectopic pause the pulmonary arterial pulse pressure showed an increase rather than a fall. The reason for this response is not clear, but it has been suggested that in right-sided obstructive cardiomyopathy this negative response favours a secondary rather than a primary abnormality of the right ventricle (Oakley, 1964) .
Pharmacological agents can alter the gradient between the left ventricle and aorta in hypertrophic obstructive cardiomyopathy (Braunwald and Ebert, 1962; Whalen et al., 1963; Krasnow et al., 1963) . Isoprenaline can provoke or intensify left-sided pressure gradients by enhancing myocardial contractility. Goodwin et al. (1964) studied rightsided pressure gradients in obstructive cardiomyopathy and found only slight changes following infusion of isoprenaline. On the other hand, Mason et al. (1965) and Lockhart et al. (1966) found that isoprenaline in cardiomyopathy produced a moderate increase in the gradient between the right ventricle and pulmonary artery and reduced the calculated outflow orifice, thus demonstrating its dynamic nature.
One of our patients (J.W.) showed a dynamic 499 group.bmj.com on April 19, 2017 -Published by http://heart.bmj.com/ Downloaded from response to infusion of isoprenaline, with an increase in the right ventricular systolic gradient and areduction in the calculated outflow orifice (Table  III and Fig. 6) (Wigle et al., 1963; Goodwin et al., 1964; Hancock and Fowkes, 1966) . Goodwin et al. (1964) found no significant change in the systolic gradient on the right side in patients with obstructive cardiomyopathy following amyl nitrite inhalation. However, in four of our patients with obstructive cardiomyopathy, amyl nitrite produced an increase in the right ventricular systolic pressure and also in the systolic gradient between the right ventricle and the pulmonary artery. The two patients with aortic valve disease studied in this report responded in a similar manner to our four patients with rightsided obstructive cardiomyopathy, and showed an increase in both right ventricular systolic pressure and in the systolic gradient between the right ventricle and the pulmonary artery (Fig. 7) .
The pressure gradient in the right ventricle which developed in Patient No. 14 (E.W.) is ofsome interest. This patient was in severe left ventricular failure when right ventricular and pulmonary artery pressures were first recorded and there was no systolic pressure gradient (Fig. 9) . Thirty minutes later after treatment with oxygen, aminophylline, and venesection, the left ventricular failure had resolved. There was then a systolic gradient between the apex of the right ventricle and the pulmonary artery (Fig. 9) . The right ventricular pressure had fallen slightly and the pulmonary artery pressure had fallen noticeably in association with a dramatic fall in left atrial mean pressure from 21 to 7 mm. Hg.
These findings suggest that the systolic pressure gradient in the right ventricle may be produced or abolished by lowering or raising pulmonary arterial pressure. This is analogous to the effects of raising or lowering systemic arterial pressure on the systolic gradient in obstructive cardiomyopathy of the left ventricle. Wigle et al. (1965) Blount (1965) have recently shown that tolazoline in severe pulmonary arterial hypertension in congenital heart disease may unmask right ventricular infundibular obstruction by lowering pulmonary artery pressure and hence infundibular distending pressure.
The cause and site of the systolic pressure gradient in the right ventricle requires further elaboration. Combined discrete congenital aortic and pulmonary stenosis is a rare lesion. Nadas et al. (1962) described four such patients, and Braunwald et al. (1963) , in their series of 100 patients with congenital aortic stenosis, found two with associated pulmonary valve stenosis. Other authors have reported single cases (Beard, Cooley, and Latson, 1957; Horlick and Merriman, 1957; Thomas, 1958; Watson, 1963; Kelly, 1965) . The lesions can be valvar, subvalvar, or supravalvar, and may be at different levels on the two sides. Discrete anatomical pulmonary obstruction was excluded in all the patients in our series by the catheter, angiographic, and operative findings.
The level of obstruction in the right ventricle in obstructive cardiomyopathy has been placed in the outflow tract by some authors (Braunwald et al., 1964; Mason et al., 1965) . However, Taylor et al. (1964) , Cohen et al. (1964) ventricle (Cross and Salisbury, 1963; De Bono, Proctor, and Brock, 1965) .
We have been unable to show the presence of any localized obstruction between the apex and body of the right ventricle on the angiograms, and cavity obliteration from septal bulging might explain the systolic pressure gradients that we have observed. Four of the six patients with angiograms showed complete systolic emptying of the apex of the right ventricle. The photograph of a post-mortem specimen from a patient with severe aortic valve disease shows how the right ventricular cavity is very compressed by the hypertrophied interventricular septum (Fig. 10) . It is of interest that Bernheim (1910) It is of interest that 7 of the 16 patients had a right ventricular end-diastolic pressure of 7 mm. Hg, or above, in association with a raised mean right atrial pressure and prominent jugular "aa" waves in the venous pulse. There was, therefore, resistance to diastolic filling of the right ventricle. Tall jugular "a"2 waves in patients with aortic valve disease suggest the possibility of a right ventricular systolic pressure gradient.
The dynamic changes induced by various manipulations show that "normal" cardiac muscle can behave in this fashion, and that there is no need to postulate an abnormality of the contractile process to explain the right-sided pressure gradients in obstructive cardiomyopathy.
SUMMARY
A series of patients with severe aortic valve disease has been found to have systolic pressure gradients between the right ventricle and the pulmonary artery. The site of obstruction was apparently between the apex and the body of the right ventricle.
The pressure gradients were shown to behave dynamically and in a similar fashion to the gradients in obstructive cardiomyopathy, in that they could be manipulated physiologically and pharmacologically. The Valsalva manoeuvre generally produced an increase in the gradient during the straining period and so did deep expiration. Amyl nitrite also increased the gradient in the two patients studied. The gradient increased in one patient following isoprenaline but was unchanged in a second patient. Another patient developed a gradient when the pulmonary artery pressure was lowered following treatment of acute left ventricular failure.
Those patients with aortic stenosis showed a fixed orifice type of Valsalva response on the left side, with a considerable fall in the systolic gradient during the straining period. Cardio-angiography in six patients showed no localized obstruction in the cavity of the right ventricle, though it was compressed by bulging of the hypertrophied ventricular septum. The angiographic findings were similar to those in patients with right-sided gradients in obstructive cardiomyopathy.
Three patients with left ventricular hypertrophy due, respectively, to coarctation of the aorta, coronary artery disease, and severe hypertension showed dynamic right-sided gradients similar to those in patients with aortic valve disease.
These findings support the view that the systolic pressure gradients in the right ventricle are secondary to left ventricular hypertrophy with bulging of the ventricular septum into the right ventricular cavity. Aortic valve disease may only be of importance as a cause of left ventricular hypertrophy.
Right-sided gradients in hypertrophic obstructive cardiomyopathy may also be secondary to the left ventricular disorder and not necessarily due to involvement of the right ventricle by the cardiomyopathy.
If a right-sided gradient is dynamic, it does not necessarily follow that an associated left ventricular outflow obstruction is due to cardiomyopathy.
